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Abstract 33 
In this paper, the Taguchi method has been used to design optimum mix proportions for 34 
geopolymer concrete with ground granulated blast furnace slag (GGBFS) as aluminosilicate 35 
source at ambient curing condition. The influences of binder content, alkaline activator to 36 
binder content (Al/Bi) ratio, sodium silicate to sodium hydroxide (SS/SH) ratio, and sodium 37 
hydroxide (SH) concentration on the geopolymer concrete were investigated. A total of nine 38 
mix designs were evaluated. It was found that specimens with a binder content of 450 kg/m3, 39 
Al/Bi ratio of 0.35, SS/SH ratio of 2.5, and SH concentration of 14 M produced the highest 7-40 
day compressive strength (60.4 MPa). However, the setting time was found to be short. 41 
Hence, fly ash (FA), metakaolin (MK), and silica fume (SF) were used as partial replacement 42 
of GGBFS in different proportions to increase the setting time. It was found that the setting 43 
time improved for the partial replacement of GGBFS with FA, MK, and SF. 44 















• Geopolymer concrete with GGBFS has been produced at ambient curing condition 57 
• GGBFS improved early strength development of geopolymer concrete 58 
• Compressive strength reduced for partial replacement of GGBFS with FA, MK, and 59 
SF 60 
• Setting time increased for partial replacement of GGBFS with FA, MK, and SF 61 



















1.  Introduction 78 
Climate change due to global warming is a critical environmental issue having considerable 79 
negative impacts on all living organisms in this world. Global warming is caused by 80 
greenhouse gas emissions including the emission of methane, nitrous oxide, and carbon 81 
dioxide into the atmosphere. It was reported that globally the production of cement 82 
contributed to about 5 to 7% of total carbon dioxide (CO2) emission into the atmosphere [1].  83 
In 2013, the production of cement in Australia contributed to the emission of 36 billion 84 
tonnes of CO2 [2]. It is estimated that the production of one tonne of Ordinary Portland 85 
Cement (OPC) releases about one tonne of CO2 into the atmosphere [3, 4]. The consumption 86 
of cement in the world for 2014 was 3.7 billion metric tonnes [5]. Considering an annual 87 
growth of 4%, the consumption of cement by 2020 will be 4.7 billion metric tonnes. Hence, 88 
the development of green concrete without OPC has become important. Research 89 
investigations on geopolymer concrete [6, 7] and alkali activated concrete [8-11] as an 90 
alternative for OPC concrete started a few decades ago and have recently gained popularity as 91 
construction materials. This paper deals only with geopolymer concrete. 92 
Geopolymer concrete does not contain any OPC and hence it is considered as green concrete. 93 
Geopolymer concrete is proven to have good mechanical properties with reduced greenhouse 94 
gas emissions [5]. It not only reduces the carbon footprint compared to OPC but also uses a 95 
large amount of industrial waste material such as slag, fly ash, and silica fume [5].  96 
There are two main components in geopolymer concrete: an alkaline activator and the source 97 
of aluminosilicate materials. The most common alkaline activator is a combination of sodium 98 
silicate and sodium hydroxide. However, potassium silicate and potassium hydroxide can 99 




[12]. The source materials of the binder used in geopolymer concrete depend on the source of 101 
the aluminosilicate. These aluminosilicate materials must be rich in aluminate (Al) and 102 
silicate (Si). These aluminosilicate materials can be a by-product material such as slag [13], 103 
fly ash [14-16], and silica fume [17]. In addition, the aluminosilicate can be obtained from 104 
natural sources including clay and metakaolin [18]. The choice of source material for the 105 
production of geopolymer concrete depends on several factors including cost, availability, 106 
and application [19]. 107 
Most of the previous studies use heat to cure geopolymer concrete; as such its use is limited 108 
to precast concrete members. Geopolymer concrete in ambient curing condition will have 109 
wider applications in situ construction as well as in precast construction. Ambient curing 110 
conditions will reduce the energy and cost associated with the heat curing process.  111 
The setting time, workability, and compressive strength of geopolymer concrete and paste 112 
were investigated in the available literature. Rao and Rao [20] investigated the final setting 113 
time and compressive strength of geopolymer mortar. The main aluminosilicate source 114 
material (Class F) fly ash was partially replaced with a ground-granulated blast furnace slag, 115 
and the alkaline activator was a mixture of sodium silicate with sodium hydroxide solution. It 116 
was found that the final setting time was significantly reduced when the fly ash was replaced 117 
by GGBFS. In another study, Lee and Lee [21] investigated the setting time and mechanical 118 
properties of alkali-activated fly ash/slag concrete manufactured at room temperature. The 119 
test results showed that the setting times of the alkali-activated fly ash/slag paste decreased as 120 
the amount of slag and the concentration of the SH solution increased. Nath and Sarker [22] 121 
investigated the workability and compressive strength of fly ash-based geopolymer concrete. 122 




based geopolymer concrete was increased when GGBFS was used as a small proportion of 124 
the binder. 125 
A large number of studies were conducted on geopolymer concrete, but there is still no 126 
consensus on the influence of different parameters on the properties (e.g., compressive 127 
strength and workability) of geopolymer concrete. The main parameters which influence the 128 
properties of geopolymer concrete include aluminosilicate source, curing conditions, type of 129 
alkaline activator, combination and concentration of the activator, and the alkaline activator 130 
to binder ratio [23]. It might be difficult to investigate the influence of all the parameters in a 131 
single investigation. However, through a well-designed experimental program, the parameters 132 
which influence the proportion of geopolymer concrete can be adequately investigated [23]. 133 
The well-known Taguchi method [24] can be used for this purpose. 134 
 The Taguchi method is a fractional factorial design method which uses a special set of arrays 135 
called orthogonal arrays (OA) for the design of experiments to investigate a large number of 136 
variables with a small number of experiments. The design of experiments using OA is quite 137 
efficient compared to traditional experiment design methods [25]. The OA reduce the number 138 
of experiments and minimize uncontrollable parameters [25]. For instance, when using four 139 
parameters at three proportions, the traditional factorial design needs 34 or 81 test runs, while 140 
the Taguchi method requires only 9 test runs. The Taguchi method uses a signal-to-noise 141 
(S/N) ratio for optimization. The S/N ratio helps in data analysis and prediction of optimum 142 
result. In effect, OA provides a set of well-balanced experiments and S/N ratio serves as 143 
objective function for optimization. The main advantages of the Taguchi methods are the 144 
efficiency, cost effectiveness, robustness, and ease of interpretation of the output.   145 
The Taguchi method has been widely used in other engineering applications, but the 146 




[26] investigated the 2- and 7-day compressive strength of fly ash-based geopolymer concrete 148 
designed using the Taguchi method. They investigated the effects of SH concentration and 149 
curing condition on the compressive strength using the Taguchi method. Olivia et al. [27] 150 
designed nine geopolymer concrete mixes by considering the effects of   aggregate content, 151 
sodium silicate to sodium hydroxide ratio, alkaline activator to fly ash ratio, and curing 152 
method. It was reported that the Taguchi method could be used to optimize the components 153 
of the geopolymer concrete mix. Khalaj et al. [28] found that split tensile strength of Portland 154 
cement-based geopolymers could be suitably designed using the Taguchi method.  155 
The aim of this study is to propose an optimum mix proportion for geopolymer concrete by 156 
considering most influencing parameters resulting in high compressive strength and desirable 157 
workability at ambient curing condition by using the Taguchi method. The aim of the paper is 158 
achieved through extensive experimental investigations. The development of a mathematical 159 
model taking into account all the influential parameters is considered beyond the scope of the 160 
paper.   161 
2.  Experimental details 162 
2.1  Materials 163 
The materials used for geopolymer concrete in this study were ground granulated blast 164 
furnace slag (GGBFS), silica fume (SF), fly ash (FA), and metakaolin (MK). The GGBFS 165 
and SF were supplied by the Australian (Iron & Steel) Slag Association [29]. The FA 166 
classified as class F according to ASTM C618-08 [30], which was supplied by Eraring Power 167 
Station Australia [31]. The MK was supplied by Calix Australia [32]. The chemical 168 




Coarse aggregate with a maximum aggregate size of 10 mm and the river sand as the fine 170 
aggregate were used in this study. Sodium silicate solution blended with sodium hydroxide 171 
was used as an alkaline activator. Caustic soda (NaOH) was dissolved in potable water to 172 
produce sodium hydroxide solution with different concentrations. Sodium silicate solution 173 
(Na2SiO3) (Grade D) was supplied by PQ Australia [33]. The dry density of the sodium 174 
silicate solution was 1.53 g/cm3. The sodium silicate solution (Na2SiO3) includes 14.7% 175 
sodium oxide, 29.4% silicate and 44.1% solids. High range water reducers (commercially 176 
available Glenium 8700) supplied by BASF Australia [34] were used to improve the 177 
workability of the geopolymer concrete. 178 
2.2  Optimum mix design of geopolymer concrete 179 
In this study, the Taguchi method [24] was used to explore the optimal mix design of 180 
geopolymer concrete in order to maximize the compressive strength at ambient curing 181 
condition. The Taguchi experimental design was performed by Qualitek-4 [35]. The main 182 
aim was to determine the optimal mix design to produce high strength geopolymer concrete 183 
considering the parameters that influence the compressive strength.  184 
Four main parameters, including binder contents (400, 450, and 500 kg/m3), Al/Bi ratio (0.35, 185 
0.45, and 0.55), SS/SH (1.5, 2, and 2.5), and SH concentration (10, 12, and 14 M) were 186 
considered in the mix design (Table 2). A total of 9 trial mixes were prepared depending on 187 
L9 array obtained using the Taguchi method [24]. The component parameters are given for 188 
each trial mix (TM1-TM9) in Tables 3 and 4. The ratio of H2O/Na2O was kept constant at 189 
12.5 in order to obtain geopolymer concrete with good workability [12]. The compressive 190 
strengths obtained from the trial mixes of geopolymer concrete were used in calculating the 191 




index for each parameter was determined by taking the average of the 7-day compressive 193 
strengths for the trial mixes which included the considered parameter. For example, 194 
parameter Al/Bi ratio of 0.35 was tested in three trials mixes: TM1, TM4, and TM7 (Table 3). 195 
The compressive strength of trial mixes TM1, TM4, and TM7 was 40.89, 56.05, and 52.23, 196 
respectively (Table 5). The response index for trial mixes TM1, TM4, and TM7 was equal to 197 
((40.89+56.05+52.23)/3=49.72), which was greater than the response index for Al/Bi ratio of 198 
0.45 and 0.55 (Fig. 3). Hence, the optimum Al/Bi ratio was 0.35. Finally, the results were 199 
evaluated by analyses of variable (ANOVA) to determine the optimum proportion, based on 200 
S/N ratio, of each parameter. 201 
2.3  Specimens preparation and testing 202 
Geopolymer concrete specimens were prepared by mixing the dry material (slag, coarse 203 
aggregate, and sand) in a pan mixer. Afterwards, alkaline activators (SS/SH) were added to 204 
the dry mix. Finally, water and superplasticizer were added. The procedure of the mixing 205 
geopolymer concrete implemented in this study was similar to that adopted in Rangan [3]. It 206 
should be noted that the mixing procedure may affect the compressive strength and 207 
workability of the geopolymer concrete. The dry materials were mixed for about 1 minute 208 
and then half of the amount of alkaline activator was added into the pan and mixed for about 209 
2 minutes. The remaining amount of alkaline activator with water and superplasticizer were 210 
poured into the pan mixer and mixed for approximately 2 minutes until the mixture became 211 
well combined and homogeneous. 212 
In this study, polyvinyl chloride (PVC) moulds of 200 mm length and 100 mm diameter (200 213 
x 100 mm) were used for casting concrete to measure the compressive strength. The 214 




10 seconds. The specimens were left in the laboratory at an ambient condition for 24 hours. 216 
The specimens were then removed from the moulds and left in an ambient condition. 217 
The compressive strength was measured according to Australian Standard (AS 1012.9-1999) 218 
[37] using W&T 1800 testing machine. The tests were carried out on three specimens for 219 
each mix on the 7th and the 28th day and average strengths are reported in Table 5. 220 
The setting time of the geopolymer concrete was evaluated by partially replacing GGBFS 221 
with different proportions of FA, MK, and SF. The initial and final setting times reported in 222 
this study are the initial and final setting times of geopolymer paste without the coarse and 223 
fine aggregate. The initial setting time was measured from the start of the mixing to the time 224 
when the needle penetrates to a point 5 mm from the bottom of the base plate mould. The 225 
final setting time was measured from the start of the mixing to the time when the needle only 226 
makes an impression on the past surface. 227 
The setting time of the geopolymer concrete was obtained by penetration resistance 228 
measurements according to ASTM C 191-08 [38]. Setting time tests were conducted under an 229 
ambient temperature of 25±2°C. The workability of fresh geopolymer concrete was measured 230 
by slump tests according to AS 1012.3.1[39]. The slump tests were conducted immediately 231 
after mixing at ambient conditions. 232 
3.  Results and discussion 233 
3.1.  Optimum components for geopolymer concrete with GGBFS 234 
Compressive strength was used as the evaluation criterion for the 9 trial mixes (TM1-TM9) 235 
according to the Taguchi method, as shown in Fig. 1. The highest compressive strength was 236 




of 2, and SH concentration of 14 M. The lowest compressive strength was obtained by TM9 238 
specimens with a binder content of 500 kg/m3, Al/Bi ratio 0.55, SS/SH ratio of 2, and SH 239 
concentration of 10 M. It is noted that SS/SH ratio for both mixes was 2.  240 
The main differences between TM4 and TM9 is the binder content, Al/Bi ratio, and SH 241 
concentration. The effect of SH concentration on the compressive strength of the geopolymer 242 
concrete has not been completely agreed on by the researchers. Some of the studies showed 243 
that the high concentration of SH led to an increased compressive strength [40], but some 244 
other studies showed increase in the SH concentration led to lower compressive strength [41].  245 
It can be seen in Fig. 2 that the compressive strength of the geopolymer concrete increased 246 
with increases in the SH concentration. It appears that there is a strong relationship between 247 
the aluminosilicate sources and SH concentration. The increase in the SH concentration 248 
dissolves the initial solid more and consequently increases geopolymerization reaction, which 249 
helps in achieving higher compressive strength [42]. It is considered that for geopolymer with 250 
GGBFS as the aluminosilicate source, SH concentration of 14 M might have the best effect 251 
on increasing the strength.                                                                                                                   252 
The compressive strength of the geopolymer concrete is also significantly influenced by 253 
Al/Bi ratio. In this study, specimens TM1, TM4, and TM7 achieved 7-day compressive 254 
strengths of 40.89, 56.05, and 52.23 MPa, respectively. These high compressive strengths 255 
showed that one of the main parameters affecting the geopolymer specimens is Al/Bi ratio. 256 
The increase in the Al/Bi ratio resulted in a decrease in compressive strength. The reason for 257 
this decrease in compressive strength can be attributed to the higher AL/Bi ratio of the 258 
mixture. Excess alkaline activator caused an increase in the amount of water in the mixture 259 




In particular, an increase in the Al/Bi ratio from 0.35 (TM4) to 0.55 (TM3) with the same SH 261 
concentration (14 M) resulted in a significant reduction in the 7-day compressive strength 262 
from 56.05 MPa (TM4) to 36.94 MPa (TM3) (Table 5). Based on the results obtained in this 263 
study it can be concluded that the influence of Al/Bi ratio on the compressive strength gain 264 
was significant. This is clearly demonstrated by the fact that for the same Al/Bi ratio, the 265 
compressive strength varied, depending primarily on the alkaline activator concentration as 266 
well as on the blend of binder. 267 
One of the other parameters affecting the strength of geopolymer is binder content. Based on 268 
the test results obtained, it can be observed from Fig. 2 that with the increase in the binder 269 
content from 400 kg/m3 to 450 kg/m3, the compressive strength of the geopolymer concrete 270 
increased. However, the compressive strength decreased with the increase in the binder 271 
content beyond 450 kg/m3.  272 
Based on the above discussion, it is difficult to ascertain the optimum proportions for each 273 
considered parameter. Factorial analysis was conducted using Qualitek-4 [35] to investigate 274 
the effects of each parameter on the compressive strength of the geopolymer concrete. 275 
Factorial diagrams and the significance of the main parameters that affect the compressive 276 
strength have been shown in Figure 2 and Figure 3, respectively. The percentage of 277 
participation of each parameter and the optimum level of the considered parameters on the 278 
compressive strength is shown in Table 6. 279 
Fig. 3 and Table 6 show that the Al/Bi ratio is the most significant parameter that influences 280 
the geopolymer concrete with a percentage of participation of 71.23% and Al/Bi of 0.35 as 281 
the optimum level. This indicates that the lower ratio of Al/Bi could produce higher 282 




It can also be observed that the second influential parameter is the SH concentration with a 284 
percentage of participation of 11.66%. Table 6 shows that the SH concentration of 14 M is 285 
the optimum level. This indicates that a high concentration of SH produces high compressive 286 
strength of geopolymer concrete (Fig. 2).   287 
The third influential parameter is the binder content with a percentage of participation of 288 
10.09%. Table 6 shows that the binder content of 450 kg/m3 is the optimum level, which 289 
indicates that binder content of 450 kg/m3 produces high compressive strength of geopolymer 290 
concrete (Fig. 2). The SS/SH ratio has the lowest percentage of participation of 7.10%. Table 291 
6 illustrates that SS/SH ratio of 2.5 is the optimum level. This indicates that a high ratio of 292 
SS/SH could produces high compressive strength of geopolymer concrete (Fig. 2).  293 
Finally, TM10 mix was prepared and tested according to the optimum levels presented in 294 
Table 6, i.e., a binder content of 450 kg/m3, Al/Bi ratio of 0.35, SS/SH of 2.5, and SH 295 
concentration of 14 M. The average of compressive strength of the TM10 was 60.4 MPa on 296 
the 7th day, which was greater than the compressive strengths obtained from the nine previous 297 
trial mixes (TM1-TM9).  However, the setting time was found to be short. The initial and 298 
final setting times of the TM10 specimens were 25 minutes and 55 minutes, respectively.  299 
Such fast setting time behaviour may not be convenient for geopolymer concrete in 300 
conventional construction. Hence, FA, MK, and SF were used as partial replacements of 301 
GGBFS in different proportions to increase the setting time.  302 
3.2  Effect of FA, MK, and SF on the setting time and workability of geopolymer 303 




Fig. 4 shows the setting time of the specimens by partially replacing GGBFS in TM10 with 305 
different proportion of FA, MK, and SF. Replacement of GGBFS with FA, MK, and SF 306 
ranged from 10% to 60%.  307 
The initial setting time of the different mixes considered in this investigation varied from 25 308 
to 75 minutes and the final setting time varied from 55 to 105 minutes. It was found that 309 
increase in the partial replacement of GGBFS with FA, MK, and SF resulted in increased 310 
initial and final setting times. When 60% of GGBFS were replaced with FA, the initial setting 311 
time increased from 25 minutes to 75 minutes and the final setting time increased from 55 312 
minutes to 105 minutes. It was also observed that by replacing 60% of GGBFS with MK, the 313 
initial setting time increased from 25 minutes to 55 minutes and the final setting time 314 
increased from 55 minutes to 90 minutes. Finally, replacing 60% of GGBFS with SF, the 315 
initial setting time increased from 25 minutes to 70 minutes and the final setting time 316 
increased from 55 minutes to 100 minutes. From the test data, it can be seen that the GGBFS 317 
quickly reacts with alkaline activator compared to FA, MK, and SF. Thus, the setting time of 318 
geopolymer paste with GGBFS is shorter than the setting time with other pozzolanic 319 
materials. The reason for the short setting time can be attributed to the higher calcium content 320 
present in GGBFS (Table 1). The presence of high calcium content in GGBFS results in an 321 
increase in the reactivity of the geopolymer by forming an amorphously structured Ca-Al-Si 322 
gel. From the test data, it can be observed that the setting time has significantly increased 323 
when the GGBFS is partially replaced by FA, MK, and SF.  324 
Fig. 5. shows the effect of partial replacement of GGBFS with different proportion of FA, 325 
MK, and SF on workability. The results were compared with the control geopolymer mixture 326 
TM10. It can be observed from Figure 5 that the slump of geopolymer concrete was 327 




mixture TM10, which contains 100% GGBFS, showed the lowest slump. The slump 329 
increased with the increase of FA, MK, and SF in the mixture. The effect was more 330 
significant at a higher ratio of FA, MK, and SF content. The trend was almost similar for all 331 
replacement ratios but more significant with 60% FA and SF. The reason for the increased 332 
slump of the mixtures is most likely due to the increased mobility of spherical shaped FA and 333 
SF in contrast to irregular shaped slag particles. 334 
Thus, it can be concluded that to have a required value of setting time and workability a 335 
convenient combination of GGBFS and FA can be a promising option of geopolymer 336 
concrete. 337 
3.3  Effect of FA, MK, and SF on the compressive strength of geopolymer concrete 338 
with GGBFS 339 
The compressive strength of geopolymer concrete with different proportions of FA, MK, and 340 
SF as partial replacement of GGBFS is shown in Table 8 and Fig. 6. It was found that the 341 
compressive strength of geopolymer concrete decreased for partial replacement of GGBFS 342 
with FA, MK, and SF under ambient curing conditions. The geopolymer concrete with 343 
GGBFS has been shown to achieve a compressive strength of 60.4 MPa on the 7th day. 344 
For a replacement of 60% GGBFS with FA, 41% decrease in the compressive strength of the 345 
geopolymer concrete was observed. In addition, by replacing 60% GGBFS with MK and SF, 346 
the decreases in compressive strength of geopolymer concrete were 58% and 52%, 347 
respectively. The reason for the decrease in compressive strength can be attributed to the 348 
decrease in the intensity of the calcium content when the amount of GGBFS was decreased in 349 
the mix. The decrease in calcium content in the mix results in a delay in the polymerization 350 




slag based geopolymer modified with FA can be considered as a suitable binder for 352 
geopolymer concrete under ambient curing conditions for reasonably high compressive 353 
strength and adequate setting time. 354 
4.      Conclusion 355 
Based on the experimental program presented in this study, following conclusions can be 356 
drawn: 357 
1. The geopolymer concrete with a binder content of 450 kg/m3, Al/Bi ratio of 0.35, SS/SH 358 
ratio of 2.5, and SH concentration of 14 M achieved the highest 7-day compressive strength 359 
(60.4 MPa) at ambient curing conditions. 360 
2. The inclusion of FA, MK, and SF as partial replacement of GGBFS reduces the 361 
compressive strength of geopolymer concrete. 362 
3. Replacement of the GGBFS with FA, MK, and SF increases the initial and final setting 363 
time of the geopolymer paste and increases the slump of the fresh concrete as well. 364 
4. To increase the setting time of geopolymer concrete under ambient curing conditions, a 365 
combination of GGBFS with FA can be a possible solution, as the blend of GGBFS with FA 366 
achieved longer setting time compared with the blend of GGBFS with MK and SF.  367 
5. The inclusion of FA in the GGBFS-based geopolymer mixture is found to be a suitable 368 
binder of geopolymer concrete for in situ construction, in addition to the precast construction, 369 
under ambient curing conditions, thus eliminating the necessity for heat curing. 370 
Finally, the information presented in this study will be beneficial in the design of geopolymer 371 
concrete at ambient curing conditions in order to enhance the durability of geopolymer 372 




presented in this paper will also be valuable in the selection and application of appropriate 374 
testing methods for the geopolymer concrete under ambient curing condition.  375 
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Table 1  581 
Chemical compositions (mass %) for GGBS [29], FA [31], SF [29], and MK [32].  582 
Component GGBS FA SF MK 
SiO2 32.40 62.2 85.76 52.21 
Al2O3 14.96 27.5 1.89 44.08 
Fe2O3 0.83 3.92 0.56 - 
CaO 40.70 2.27 0.92 1.69 
MgO 5.99 1.05 0.81 - 
K2O 0.29 1.24 0.86 - 
Na2O 0.42 0.52 0.74 - 
TiO2 0.84 0.16 - 0.18 
P2O5 0.38 0.30 - - 
Mn2O3 0.40 0.09 - - 
SO3 2.74 - 0.3 - 
LOI  NA  - 4.0 - 





















Table 2  601 
Parameters and proportions used in the Taguchi experiment design. 602 
Parameters Proportion 1 Proportion 2 Proportion 3 
Binder content (kg/m3) 400 450 500 
Al/Binder 0.35 0.45 0.55 
SS/SH 1.5 2.0 2.5 




























Table 3 627 
 Parameters and values used in geopolymer concrete trial mixes. 628 
Experiment series Binder content (kg/m3) Al/Binder SS/SH SH (M) 
TM1 400 0.35 1.5 10   
TM2 400 0.45 2 12  
TM3 400 0.55 2.5 14   
TM4 450 0.35 2 14   
TM5 450 0.45 2.5 10   
TM6 450 0.55 1.5 12   
TM7 500 0.35 2.5 12   
TM8 500 0.45 1.5 14   






















Table 4 647 
 Mix proportions of trial mixes. 648 
Mix TM1 TM2 TM3 TM4 TM5 TM6 TM7 TM8 TM9 
GGBS (kg/m3) 400 400 400 450 450 450 500 500 500 
Al/Bi 0.35 0.45 0.55 0.35 0.45 0.55 0.35 0.45 0.55 
SS/SH 1.5 2 2.5 2 2.5 1.5 2.5 1.5 2 
SS(kg/m3) 84 120 157 105 145 149 125 135 183 
SH (kg/m3) 56 60 63 53 58 99 50 90 92 
SH (M) 10 12 14 14 10 12 12 14 10 
Superplasticizer 
(kg/m3) 
20 20 20 22.5 22.5 22.5 25 25 25 
 Water (kg/m3) 48 48 48 54 54 54 60 60 60 
Aggregate 
(kg/m3) 
1208 1182 1156 1161 1132 1102 1115 1082 1050 
Sand (kg/m3) 650 636 622 625 609 594 600 583 565 














Table 5  659 
Compressive strength of trial mixes of geopolymer concrete under ambient curing condition. 660 
 661 
Trial mix Compressive strength (MPa) 
7 days 28 days 
TM1 40.89 46.75 
TM2 38.47 38.98 
TM3 36.94 42.55 
TM4 56.05 61.15 
TM5 41.40 42.24 
TM6 35.03 37.32 
TM7 52.23 59.50 
TM8 40.13 42.93 

















Table 6  675 
Percentage of participation and Optimum levels of the considered parameters on the 7-day 676 
compressive strength. 677 
Parameter GGBFS Content Al/Bi SS/SH SH  
Percentage of participation (%) 10.09 71.23 7.01 11.66 

























Table 7  699 
Changes in the compressive strength of geopolymer concrete for the partial replacement of 700 
GGBFS with FA, MK, and SF. 701 
Replacing 
percentage (%) 
7-day compressive strength (MPa) 
FA MK SF 
0 60.38 60.38 60.38 
10 58.55 40.03 42.16 
20 56.34 34.21 36.10 
30 49.20 28.14 32.12 
40 42.68 26.75 30.41 
50 40.82 25.78 29.55 





























































               a) Binder content                                                    b) Al/Bi 726 
 727 
 728 
               c) SS/SH                                                                      d) SH Concentration (M) 729 
Fig. 2. Factorial diagrams of the main parameters that affect the 7-day compressive strength 730 





























































































































































































































































































































Fig. 6. The effect of partial replacement of GGBFS with FA, MK, and SF on the 7-day 761 
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